Purpose: Phonetic variation due to domain initial strengthening was investigated with respect to the acoustic and articulatory distinctiveness of vowels within a subset of the French oral vowel system /i, e, ɛ, a, o, u/, organized along 4 degrees of height for the front vowels and 2 degrees of backness at the close and midclose height levels. Method: Acoustic and lingual ultrasound data were examined to characterize the production of vowels in intonational phrase initial position, compared with intonational phrase medial position, for 4 speakers. Results: Formant values and estimates of lingual constriction location and degree differed according to the prosodic position independent of vowel duration, with a higher F1 for /a/, a higher F2 for /ɛ/, a backer constriction for /o/ and /a/ but a fronter constriction for /ɛ/, and a narrower constriction for /e, ɛ, u, o/ but a wider constriction for /a/. For most speakers, these variations enlarge the acoustic and/or articulatory distance between members of the pairs /e-ɛ/, /ɛ-a/, /u-o/, /i-u/, and /e-o/ but reduce the distinction within the pair /i-e/. Conclusions: These changes in intonational phrase initial position are vowel dependent and frequently contribute to augmenting the phonetic distinctiveness between vowels contrasting along the height and backness dimensions.
T his study focused on the effect of domain initial strengthening on acoustic and articulatory characteristics of vowels and especially on its interaction with phonetic contrasts in a vowel system. Several studies have reported an effect of prosodic position on vowels, with modification of their acoustic or articulatory properties when accented or close to a prosodic boundary (see the review by Cho, 2011) . Most studies have been limited to the investigation of only a few types of vowels (usually peripheral ones). Consequently, it is not clear whether prosodically driven segmental variations may be modulated by the organizational principles of the phonological inventory. Georgeton (2014) and Georgeton and Fougeron (2014) addressed this question in an investigation of prosodically driven articulatory changes affecting the labial cavity with regard to the production of roundedness contrast in French. We found that the modifications in the lip area for both rounded and unrounded vowel counterparts contributed to the maximization of their phonetic labial distinctiveness. As a follow-up study on the interplay between domain initial strengthening and vowel contrast production, the present work focuses on variation in lingual articulation and its effect on vowel contrasts in both height and backness dimensions.
The French oral vowel system is particularly appropriate for addressing this question due to the relatively constrained variation allowed on the height dimension, which is used for a four-way contrast between close, midclose, midopen, and open vowels. On the front-back dimension, a two-way contrast exists between front and back nonlow vowels, and a three-way contrast distinguishes the front and back mid vowels from the central vowel /ə/ (for which the phonological status is mainly linked to its alternation with zero), whereas no contrast occurs for the low vowel /a/, which is central in the Parisian French variety studied here (where the /a-ɑ/ contrast has been lost).
Our goal in this study was to test whether (and how) the phonetic distinctions linked to vowel height contrast between the front unrounded /i, e, ɛ, a/ and linked to backness (and rounding) contrast between the high /i-u/ and midhigh /e-o/ pairs are affected by the articulatory and acoustic modifications undergone by vowels in the domain initial position. To address this question, variations in the lingual and acoustic properties of these vowels were investigated with respect to the strength of the prosodic boundary; that is, according to whether they are initial or medial in an intonational phrase (IPi or IPm, respectively) .
Several studies have suggested that phonetic variations induced by initial strengthening can affect the phonetic distinctions between segments in a paradigm. Figure 1 (from Cole, Kim, Choi, & Hasegawa-Johnson, 2007 ) summarizes schematic scenarios for four possible effects of prosodic strengthening on some phonetic dimensions (e.g., height) for segments (/a/ vs. /b/) belonging to two hypothetical phonological categories (e.g., high vs. low). In Figure 1a , the pattern corresponds to uniform strengthening. In IPi compared with IPm, a similar increase in the hypothetical phonetic parameter measured is observed for both /a/ and /b/; consequently, segments are not more distinct from one another in IPi. In Figure 1b , the contrast between segments is reduced because the effect of prosodic strengthening is larger for segment /b/ than for segement /a/. These scenarios are particularly interesting because the variations lead to a maximization of contrast between segments. In Figure 1c , prosodic strengthening has an opposite effect on the two segments: an increase in the phonetic dimension for /a/ and a decrease for /b/, leading to an enlarged contrast between the two segments in IPi. In Figure 1d , the contrast between /a/ and /b/ is also enlarged in IPi due to a difference in the magnitude of the strengthening effect; a larger increase in the phonetic parameter is shown for /a/ than for /b/.
These two ways of maximizing phonetic contrast were found by Georgeton (2014) and Georgeton and Fougeron (2014) for vowel pairs contrasting in terms of roundedness (/i-y, e-ø, ɛ-oe/). In the acoustic domain, a pattern similar to that in Figure 1c was observed on F3, with a lowering for /y/ and a raising for /i/, thus leading to an increased phonetic distinction between the two in IPi. In the articulatory domain, the effect of strengthening followed the pattern shown in Figure 1d ; an increase in lip area was found in IPi for both the rounded and unrounded vowels but with a larger magnitude for the unrounded vowels, thus leading to maximized contrast in lip area between the two vowel sets in IPi. A pattern similar to that in Figure 1c has also been found in English with regard to domain initial effects on vowel height contrast. For instance, Cho (2011, 2012 ) observed a higher tongue position for high vowels (/i, ɪ/) in IPi but a lower tongue position (and somewhat fronter) for the low vowel /ae/. In French, this pattern was also observed by Loevenbruck (1999 Loevenbruck ( , 2000 in a study looking at the effect of focal accentuation on the tongue configuration of /i/ and /a/: /i/ was produced with a higher tongue body and /a/ was produced with a lower tongue body, leading to an expansion of height contrast under focus.
These variations in domain initial position and under prosodic focus have been interpreted as a global increase in gestural magnitude in prosodically strong positions, which interacts with vowels in different directions according to their specific phonetic targets. In the case of a comparison between high and low vowels, this interpretation makes sense because the two targets are indeed specified in opposite directions in terms of tongue height. However, our earlier results on the roundedness contrast show a more complex picture. The observed increase in lip aperture for the rounded vowels is hardly explainable as an increase in the magnitude of a gesture contributing to the rounding of the lips (which should instead decrease lip area). Note also that lip area was affected by prosodic position, whereas no effect was found on the main correlate of rounding, lip protrusion, for either rounded or unrounded vowels. Results from Tabain (2003a Tabain ( , 2003b and Perrier (2005, 2007) on prosodic domain final French vowels add another layer of complexity to the picture. Although the low vowel /a/ showed a lower tongue body in final position before stronger prosodic boundaries, speaker-dependent strategies were reported for /i/ and /u/. For /i/, one of the three speakers showed a backing of the tongue, whereas the other two tended to raise and front the tongue body. For /u/, they observed tongue dorsum backing coupled with raising or lowering, depending on the speaker. Tabain and Perrier interpreted these different articulatory strategies with respect to their acoustic consequences and concluded that they concur to achieve a common acoustic goal: the raising of F3 for the vowel /i/, the lowering of F2 for the vowel /u/, and the lowering of F1 for the vowel /a/, all contributing to the enlargement of the acoustic space and the maximization of distinctiveness between vowels. Such an enlargement of the acoustic space in a strong prosodic position was also observed by Georgeton and Fougeron (2014) , where /e, ɛ, a, o, u/ were found to be more peripheral (i.e., further away from the system centroid) in terms of F1-F2 in IPi. Similar expansion of the phonetic space was found by Gendrot, Gerdes, and Adda-Decker (2011) for French and German and Cho, Lee, and Kim (2011) for Korean vowels.
According to the literature reviewed, prosodic strengthening effects appear to affect the phonetic cues used for vowel contrasts in an intricate way. Although an enlargement of the gap between the highest point of the tongue and the palate can be expected for the low vowel /a/ in IPi position, predictions are less clear for the other vowels. Moreover, it seems that individual vowel modifications in strong prosodic positions have to be interpreted in relation to the various contrasts they maintain with other vowels in the system, along both articulatory and acoustic dimensions. Altogether, these considerations call for a more comprehensive investigation of domain initial strengthening in a dense vowel (sub)system, considering both articulatory and acoustic dimensions.
Material and Method

Speech Material and Speakers
The lingual configuration and acoustic properties of the four front oral vowels /i, e, ɛ, a/ and the two back vowels /u, o/ were investigated in two prosodic conditions: IPi versus IPm. The speech material, constructed according to Georgeton (2014) , consisted of a set of meaningful utterances in which the test vowels were positioned in a fixed linear position (fifth syllable of the utterance) and were initial in made-up first names (see Table 1 ). In the IPi condition, the test vowel was immediately preceded by an intonational phrase boundary, phonetically marked by a pause and a large F0 rise (H% boundary tone) and phrase final lengthening on the preceding syllable, /lip/. In the IPm condition, the vowel was initial in the second word of a compound name. The first part of the compound also ended with the syllable /lip/, and the whole compound formed an accentual phrase; therefore, the test vowel was IP medial and also accentual phrase medial. The test vowels /i, e, a, u, o/ were followed by a heterosyllabic /p/, and /ɛ/ was followed by a tautosyllabic /v/ as in the French first name Ève to insure its midopen pronunciation ([ɛv] Each sentence was read 10 times in random order, but some repetitions had to be discarded from the analysis because of bad ultrasound imaging for some speakers (e.g., S1), some vowels (mostly back vowels), and/or some tokens. For speakers S2, S3, and S4, the data set had to be downscaled to six repetitions with clearly visible tongue contours per vowel category and position. For speaker S1, however, more data had to be excluded due to poor image quality, leaving only five repetitions for /i/ and /a/ in the 6/6/6/6 Marie-Lou et Fippe-Opalie sont deux petites sorcières.
6/6/6/6
Facing Philippe, Opalie and Jeanne were no match.
Marie-Lou and Fippe-Opalie are two little witches.
Note. Target vowels are in bold.
a Numbers indicate the number of repetitions for the acoustic and ultrasound analysis for each speaker (S1, S2, S3, and S4).
IPi condition and no repetitions for /u/ in the IPm condition. See Table 1 for the data included in the study.
Data Analysis
Ultrasound Analysis
Depending on vowel duration, one to three tongue contours (depending on vowel length) in successive ultrasound frames taken from the middle of the acoustic vowel were traced manually with AAA and extracted as a series of x and y coordinates. The contours were then interpolated in R (R Core Team, 2012) to obtain the same number of points (100) for all contours and then averaged to give a single contour per vowel token. Figure 2 presents an averaged contour per speaker and condition computed on these individual token contours, allowing a qualitative description of the tongue shape and position.
To quantify ultrasound data, an analysis was done on the highest point of the tongue in each token contour. This highest point was used as an estimate of vowel height and place of articulation. Figure 3 presents the coordinates of the highest point of the tongue for each token on the x-axis (horizontal position reflecting front-back location) and y-axis (vertical position reflecting height).
Tongue contours can be compared only within the same recording session (which corresponds to within speaker in this study) because only then is the probe kept in the same position and the tongue scanned from the same angle. However, the differences in tongue contours between prosodic conditions taken from preset conditions can be compared across speakers, as is done in the current study. Estimating the maximum tongue height and its horizontal location from a single point can be inaccurate when the highest point of the tongue is not located at the narrowest point of the tongue-palate constriction. In our data, the tongue shape was sufficiently bunched for all vowels to allow us to be confident that the highest point corresponded to the narrowest palatal constriction for the front vowels. For the back vowels, however, the narrowest constriction may be further back. Thus, reducing the lingual configuration to a single point, though a convenient methodological solution, is far from adequate for giving a comprehensive description of the lingual articulation and a correct prediction of the vocal tract transfer function.
Acoustic Analysis
Target vowels were segmented and labeled in Praat (Boersma & Weenink, 2014) to extract acoustic duration, F1, and F2 formants values. Even though acoustic-articulatory relations in vowel production may depend on speakerspecific morphological properties and the formant-cavity association is not always straightforward, formant F1 is usually considered a good correlate of height contrast between vowels, sensitive to the volume of the back cavity and the length of the oral constriction (Apostol, Perrier, & Bailly, 2004; Vaissière, 2011) . In contrast, F2 relates best to place of articulation and rounding becuse it is more sensitive to the ratio between front and back cavity lengths, determined by the positioning of the tongue and the overall (glottis to lips) vocal tract length.
Formant frequencies were measured at 33% and 66% of the vowel duration and then averaged. The Burg algorithm implemented in Praat was used for automatic formant extraction, and the amplitude peaks were detected in a band lower than 5.5 kHz (for female voices). Formant values were hand corrected when needed (especially for /u/ and /i/). Vowel duration was also measured.
Statistical Analysis
To test the statistical significance of the effect of prosodic position on the duration of vowels, F1, F2, and the x and y coordinates of the highest point of the tongue, we used mixed-effect logistic regression modeling (lme4 package, Pinheira & Bates, 2000) implemented in R. First, we tested a model with vowel, prosodic boundary, duration, and their interaction as fixed effects. A significant effect of duration was found on F1 for three speakers (S1: χ 2 (12) = 35, p < .001; S2: χ 2 (12) = 46, p < .001; S3: χ 2 (12) = 38, p < .001), and consequently duration was kept in the model for F1 as a fixed effect. For the other variables, duration was not a significant predictor; therefore, a second simplified model excluding duration was built for F2 and the x and y coordinates. In the two models, repetition was entered as a random effect. The model has been run with vowels (six levels: /i/, /e/, /ɛ/, /a/, /u/, /o/) and prosodic boundaries (two levels: IPI, IPm) as fixed effects. A significant interaction between vowels and prosodic boundaries, confirmed by a likelihood ratio test, was found for each speaker and each variable. To interpret the significant vowel × prosodic boundary interaction, the 2 × 6 factor design was converted into a 1 × 12 factor design including the maximal random effect structure. We compared the phonetic properties of the vowels in the two prosodic positions using Tukey's multiple comparison test (see Table 2 ).
In a second analysis, we tested whether the variations conditioned by prosodic position for each vowel category affected the distinctions between adjacent contrasting vowel categories. The following contrasting pair of vowels were tested: the pairs /i-e/, /u-o/, /e-ɛ/, and /ɛ-a/ for distinctions linked to a contrast in vowel height and the pairs /i-u/ and /e-o/ for distinctions in vowel backness, accompanied also by a difference in rounding. For each pair and for each speaker, the distance between the exemplar pair members was measured for the acoustic (F1, F2, duration) and articulatory (x and y coordinates) variables (e.g., F1 of the six /i/s minus F1 of the six /e/s, giving 36 /i-e/ F1 distances). These distances were entered into a mixed-effect model with prosodic position, pair type, and their interaction as fixed effects and the token identity of V1 and V2 as random effects. To interpret the interaction between pair type and prosodic position, we also proceeded to a conversion into a 1 × 12 factor design including the maximal random effect structure. Table 3 presents for each pair of vowels the effect of prosodic position on the phonetic distances between the pair members (according to Tukey's multiple comparison test). Table 2 presents the effect of prosodic position on the acoustic (F1, F2, duration) and articulatory (x and y coordinates of the highest point of the tongue) properties for each of the six vowels studied. Figure 3 shows the dispersion of the vowel tokens in the F1-F2 and x-y coordinate planes in both IPi and IPm positions for each speaker. Table 3 summarizes the analysis of the effect of prosodic position on the phonetic distances between adjacent vowels in each selected contrastive pair.
Results
We first address whether prosodic position has an effect of prosodic position on vowel duration, which could explain other acoustic and articulatory variations. A lengthening of vowels in the IPi position would indeed give more time for target achievement (Lindblom, 1990 ) and thus yield more extreme lingual positions and formant values. On the basis of our data, however, this conditioning of variation by vowel duration has to be ruled out. As found by Fougeron (2001) and Georgeton (2014) , very few IP initial vowels are lengthened. Only speakers S1 and S4 had some lengthening in IPi and not for all vowels (/i/, /u/, /o/ for S1 and /u/, /o/ for S4; see Table 3 ). We thus conclude that the articulatory and formant changes cannot be explained solely by a lengthening of the vowel in the IPi position.
Articulatory and formant results are present here in parallel. Although the x and y coordinates of the highest point of the tongue contour estimate the location of the narrowest tongue-palate constriction, they relate very indirectly to the size of the resonance cavities in the oral tract, and they do not inform the overall size of the vocal tract impacted by lip rounding for the back vowels, for instance.
We first examine the effect of prosodic position on vowels contrasting on the height dimension. When looking at the close versus midclose vowels in Table 2 , we see that prosodic position affected the midclose vowels /e/ and /o/ more than their close counterparts /i/ and /u/. All the acoustic and articulatory properties of /i/ remained unaffected by prosodic position, except for the vertical position of the tongue for speakers S1 and S3 (higher in IPi).
In contrast, some of the articulatory and acoustic properties of /e/ differed in the IPi versus IPm positions. In IPi, /e/ had a higher vertical tongue position for all speakers and a fronter horizontal position accompanied by a higher F2 for speakers S1 and S3. Changes in F1 were observed for two speakers but in opposite directions: F1 was raised in IPi for S3 but slightly lowered for S2. These changes can affect the phonetic distance between the vowels in the /i-e/ pair (see Table 3 ). Contrary to our predictions, the phonetic contrast between /i/ and /e/ was sometimes reduced in the IPi position. In terms of the vertical tongue position, /e/ was closer to /i/ for all of the speakers. For three speakers (S1, S2, and S3), this reduction of contrast follows the scenario in Figure 1B : a rising of the tongue was observed for the two vowels but was larger in magnitude for /e/, moving /e/ closer to /i/. The distinction between the two vowels was also reduced in IPi for several speakers along the horizontal tongue position (speakers S1 and S3) and F2 dimension (speakers S1, S3, and S4), with /e/ pushed forward toward the unaffected /i/. The two vowels, however, remained equally distinct in terms of F1 in the two prosodic positions.
For the vowels /u/ and /o/, the effect of prosodic position was also more visible on the midclose /o/ vowel than on /i-e/ 1.6 ± 0.2 2.6 ± 0.2 −9.4* < 1.3 ± 0.1 1.8 ± 0.1 −5.6* < 1.2 ± 0.2 1.4 ± 0.2 −1.5 ns 1.2 ± 0.3 1.2 ± 0.3 −21.9* < /e-ɛ/ 3.8 ± 0.2 3.7 ± 0.2 1.1 ns 1.6 ± 0.1 2.1 ± 0.1 −5* < 4.5 ± 0.2 2.7 ± 0.2 18* > 4.2 ± 0.3 3.3 ± 0.3 8.8* > /ɛ-a/ 1 ± 0.2 −1.7 ± 0.2 24.6* > 3.4 ± 0.1 2.3 ± 0.1 12.5* > 2 ± 0.2 0.5 ± 0.2 14.9* > 6.6 ± 0.3 2.7 ± 0.3 33.3* > /u-o/ 2 ± 0.1 2.2 ± 0.1 1.2 ns 2.6 ± 0.2 3 ± 0.2 −3.5* < 3.9 ± 0.3 1.9 ± 0. the close /u/. In the IPi position, /o/ had a backer horizontal and higher vertical tongue position for all four speakers, accompanied by a higher F1 for only speaker S3. No other acoustic changes were observed. For /u/, data were exploitable for only three speakers (all except S1). For these speakers, /u/ also had a higher tongue position in IPi, also accompanied by a higher F1 for speaker S3, but a backing of the tongue was observed for only S4. Consequences of these changes for the phonetic contrast within the /u-o/ pair are less homogeneous than those observed in the front vowel pair. Although no changes were observed on the acoustics of either /u/ or /o/ when compared in the IPi versus IPm positions (except for S3 with a raising of F1 for both /u/ and /o/; see Table 2 ), when looking at the acoustic distances between members of the pair, the distinction between /u/ and /o/ was either enlarged (S2) or reduced (S3 and S4) in terms of F1 and enlarged in terms of F2 for only S2. For S3, the contrast in the vertical tongue position was also reduced in IPi due to a larger rise for /o/ than for /u/ (following the scenario in Figure 1B as above). In terms of the horizontal tongue position, all three speakers had the same pattern. The distinction between /u-o/ was enlarged in IPi due to a large tongue backing for /o/, which was pushed further from the unaffected /u/ (see Figure 3) .
Moving down the height scale, we examined the midopen and open front vowels. An effect of prosodic position was found for /ɛ/ in terms of the vertical tongue position for all speakers (higher in IPi) and in terms of horizontal position for speakers S1 and S3 with a fronter tongue position in IPi. The /ɛ/ also had a higher F2 in IPi for speaker S1, S2, and S3, but changes in F1 are found for only one speaker (higher F1 for speaker S2). However, when considering the effect of prosodic position on the phonetic distances between /e/ and /ɛ/ in Table 3 , the contrast was enlarged in terms of F1 for three speakers (S1, S2, and S4). The contrast was also enlarged for the tongue vertical position for speakers S3 and S4: both vowels had a higher tongue position in IPi, but the magnitude of the change was larger for /e/, which gets further apart from /ɛ/ (as in the scenario in Figure 1D ). For speaker S2, both /e/ and /ɛ/ had a higher tongue position in IPi but with a larger rising for /ɛ/; consequently, the midopen vowel was pushed toward /e/. In terms of F2, two speakers had an effect but in opposite directions: reduced contrast for S2 and enlarged contrast for S1. Regarding the horizontal tongue position, because both vowels are fronted in IPi, the contrast was enlarged when /e/ was further pushed forward (S3, scenario from Figure 1D ) or was reduced when the fronting of /ɛ/ was more important so that it moved closer to /e/ (S1 and S4 in scenario from Figure 1B ).
For /a/, the effect of prosodic position was more homogeneous across speakers. A large F1 rise in IPi was found for all speakers, whereas no change was observed on F2. The vowel was also articulated with a lower and backer tongue position of the highest point for three of the speakers (S1, S3, and S4). With changes in different directions (scenario from Figure 1c ) or changes for only one of the vowels, /ɛ/ and /a/ moved further apart in the IPi position on several dimensions. The contrast within the /ɛ-a/ pair was enlarged in terms of the tongue vertical position for all speakers and in terms of the horizontal position for speakers S1, S3, and S4. Acoustically, the two vowels were also more distinct in F1 for all speakers and in F2 for speakers S1, S2, and S3.
The effect of prosodic position on vowels contrasting on the front-back dimension was also examined for the front unrounded vowels /i, e/ and their back rounded counterparts /u, o/. The x and y coordinates of the highest point of the tongue are better estimates of the constriction in the palatal region than of that in the velar region. For the /i-u/ pair, the phonetic contrast between the two vowels was enlarged for speakers S3 and S4 in terms of the horizontal tongue position (even though prosodic position did not affect the vowels individually) and in terms of F2 for all the speakers. However, the difference in terms of F1 between the two close vowels (which is not per se a strong correlate of their phonological contrast) was also enlarged in the IPi position for three speakers (S1, S2, and S4). An unexpected effect on tongue height was also observed for two speakers but in opposite directions: the difference was reduced for S4 and enlarged for S3.
For the /e-o/ pair, the contrast was enlarged in terms of the horizontal tongue position, essentially due to a large backing of the tongue for /o/ for all speakers, which was accompanied by a fronting of /e/ for speakers S1 and S3 (following the scenario from Figure 1C ). The (small) difference in the vertical tongue position between the two vowels was also enlarged in IPi. Acoustically, these changes were accompanied by a larger contrast in terms of F2 for all speakers and in terms of F1 for two speakers (S1 and S2), even though these acoustic properties were not significantly affected by prosodic position when the vowels were taken individually.
Discussion
In line with other studies on prosodic focus or domainfinal vowels, we found that differences in the prosodic structuring of an utterance can be accompanied by variations in some of the phonetic properties of the French vowels selected for this study. In particular, variations were observed in the lingual articulation and the spectral properties of the vowels when positioned in absolute initial position of a strong prosodic constituent (as compared with a weaker position), confirming our first observations on the labial articulation of domain initial French rounded and unrounded vowels (Georgeton, 2014; Georgeton & Fougeron, 2014) .
These results are also in line with previous results on domain initial strengthening by showing that the direction and type of phonetic variation is segment dependent. When regular patterns occur across speakers and repetitions, in this study as in others, phonetic variations conditioned by prosodic position are subtle in magnitude and do present speaker-specific variability. Therefore, we discuss here only patterns of variation shared by at least three of our four speakers.
In this study, we looked at the phonetic properties of the six vowels /i, e, ɛ, a, u, o/ individually in the IPi versus IPm position. In acoustic terms, a higher F1 was found in IPi for the low vowel /a/ (four of the four speakers) and a higher F2 was found for the midopen /ɛ/ (three of the four speakers). More variations were observed in the articulatory space defined by the x and y coordinates of the highest point of the tongue: a backer horizontal tongue position was found in IPi for /o/ (four of the four speakers) and /a/ (three of the four speakers); a higher vertical tongue position was observed for the nonlow vowels /e/ (four of the four speakers), /ɛ/ (four of the four speakers), /u/ (three of the three speakers), and /o/ (four of the four speakers), whereas /a/ was the only vowel with a lower vertical tongue position in IPi. The high vertical position of the highest point shared by all the nonlow vowels argues against the sonority expansion hypothesis (Beckman, Edwards, & Fletcher, 1992) according to which all vowels in prosodically strong positions would be more sonorous (assumedly more open). Neither can these variations all be explained by a global lowering of the jaw in strong prosodic positions. In Georgeton (2014) , the acoustic consequences of jaw lowering were modelled with Maeda's (1979) model for all oral French vowels. With a lower jaw, an increase of F1 accompanied by a decrease of F2 was found for all vowels. Such variation on F1 and F2 on all vowels was found for none of our speakers.
An original aspect of our study was to investigate not only a limited set of peripheral vowels but a larger set of categories to test whether phonetic changes in IPi position affected the phonetic distinctions between vowels adjacent on a more or less crowded dimension of contrast. The French vowel subsystem chosen for investigation thus included (a) a two-way contrast in backness supplemented by a secondary rounding distinction between close /i/ and /u/ and between the midclose /e/ and /o/; (b) a four-way contrast in vowel height between the four unrounded front vowels /i, e, ɛ, a/; and (c) a two way height contrast between the back rounded /u/ and /o/. This subset of six vowels was considered to be optimal to offer a look at different contrast types while keeping the size of the recorded corpus manageable, especially for articulatory analysis. Nonetheless, these six vowels contrast not only with one another, but also with several other vowels in the full vocalic system of French (including a midopen back vowel /ɔ/, a central /ə/, a set of contrastively rounded front vowels, and a set of nasal vowels).
We looked at the effect of prosodic position on the phonetic distances between contrasting vowel pairs to evaluate whether these distances are modified in the IPi (vs. IPm) position. Excluding the /i-e/ pair, an enlargement of the phonetic contrast between adjacent vowels, on one or more phonetic dimensions, is the most frequent pattern observed in IPi. If we summarize the results, considering again only the patterns shared by at least three of our speakers, vowels were phonetically more distinct from one another in the pairs /e-ɛ/ (on F1), /ɛ-a/ (on all four dimensions), /u-o/ (on the horizontal position of the highest point of the tongue), /i-u/ (on F1 and F2), and /e-o/ (on F2 and on both horizontal and vertical positions of the highest point of the tongue). Cases of reduced distinctions have also been observed, but they are overall occasional in the sense that they are rarely shared by more than two speakers, they occur on some dimensions and not others, or they are limited to a specific pair of vowels, /i-e/.
As suggested in the schematics of Figure 1 , different scenarios can predict an augmentation or a reduction of phonetic contrast between two vowel categories on a particular phonetic dimension. The four scenarios discussed by Cole et al. (2007) were found in our study: Figure 1A , cases of no effect of prosodic position on either of the pair members (e.g., / i / and /e/ for F1 with S1 or S4); Figure 1C , cases with opposite effects of prosodic position on the two vowels, moving them further apart (e.g., rising of the tongue for /ɛ/ but lowering for /a/ for S1 or S3); and Figures 1B and 1D cases with a similar effect of prosodic position on the two vowels in terms of direction of the change but not in terms of magnitude, leading toward either more distinction in IPi (e.g., rising of the tongue for /e / larger in magnitude than that of /ɛ/, resulting in /e / moving further from the midopen vowel for S3 or S4) or a merging of the vowels (e.g., rising of the tongue for /e/ larger in magnitude than that of / i /, pushing /e/ closer to / i / for S1 or S3). An additional slightly different scenario was also frequently indicated by our data. On a specific dimension, one of the pair members was affected by prosodic position, but the other was not. This pattern explains the enlarged F2 difference between /a / and / ɛ/ for S1, S2, and S3 (with a raised F2 for /ɛ/ and no effect for /a /, these vowels get further apart in this dimension in IPi) but also the reduced F2 difference between /i / and /e/ for S1 and S3 (with a raised F2 of /e/ and a stable F2 of / i / in IPi, the two vowels get closer in terms of F2).
The co-occurrence of these different scenarios also argues against an explanation of domain initial strengthening effects as a global change in a single direction for all vowels (e.g., increase sonority or jaw lowering for all vowels). Rather, each vowel appeared to be individually modified (in its own direction or with a specific magnitude), and in many cases, when considering the four phonetic dimensions tested here, the changes in IPi made the vowel category more distinct from the others.
Our multiparametric observation of the distances between vowels in the subsystem studied showed that in the IPi position, vowels can be more distinct from each other not only on the dimension that is usually associated with the predicted primary dimension of contrast (i.e., F1 and the vertical position of the tongue for height contrast, F2 and horizontal position of the tongue for backness) but also on other phonetically contrasting dimensions. For instance, in the /ɛ-a/ pair, the distance between the vowels in IPi is not only increased in the F1 dimension but also in F2. It seems thus that the modification in IPi can affect any of the many dimensions that could make the vowels more distinct from each other, in line with enhancement theory (Stevens, Keyser, & Kawasaki, 1986) .
In the /i-e/ pair, however, the vowels were not more distinct from each other in the IPi position. There, distinction in F1 was kept the same, whereas their distances in F2 and in the vertical tongue position were rather reduced in the IPi compared with the IPm position. This reduction of phonetic contrast within the pair was mainly due to the fact that /e/ underwent most of the changes, and these changes moved it closer to /i / in terms of F2 and vertical tongue position (and horizontal tongue position for two speakers). In contrast, /i / seemed unaffected by prosodic position on all the phonetic dimensions studied. Physiological limitations on the lingual articulation for /i / can explain why the constriction between the highest point of the tongue and palate, already quite small, cannot be much further narrowed in the IPi position (even though a small narrowing was shown by S1 and S3). In acoustic terms, the French /i / is particularly distinct in the system with its high concentration of energy in the F3 and F4 regions (Vaissière, 2011) . Georgeton and Fougeron (2014) tested the effect of prosodic position on the production of rounding contrast for four other speakers. A lack of F1 and F2 variation was also observed for /i/, but a significant increase of F3 was found. Together with the observed lowering of F3 for /y/, the distinction between the front close unrounded and rounded vowels thus increased in IPi in terms of F3. Similarly, an increase in the F3 of /e/ also contributed to enlarging the distinction with its rounded counterpart /ø/ in the IPi position. Including another phonetic dimension (F3) and another contrast (roundedness of front vowels) adds complexity to the picture. The six vowels considered here have to contrast not only with each other, but also with the other eight vowels of French. In the dense corner where the close and midclose and the rounded and unrounded vowels are organized, it seems that increasing the contrast in terms of F1, F2, and F3 between rounded and unrounded counterparts could be privileged over enhancing the phonetic contrast between close and midclose vowels. This effect could occur for lexical reasons still to be explored or simply because no other change is possible. In this study, we simplified the problem by looking at pairs of contrasting vowels, but it would be more appropriate to look at the organization of phonetic contrast within the /i, e, y, ø/ set to evaluate how F2 and F3 are free to vary without challenging this four-way contrast. Further cross-linguistic comparisons with systems of different densities would also be necessary to determine how prosodic strengthening effects comply with different systems of contrasts.
To conclude, it seems that prosodic strengthening can enhance any of the many dimensions that could increase the phonetic distance between vowels; however, this enhancement would have to respond not only to physiological constraints (such as the ones that restrict variation in tongue placement for /i/), but also to constraints linked to the density of the system in terms of contrastive elements and available phonetic dimensions. To test this last interpretation further, we need to evaluate whether these vowels are indeed more distinct perceptually in the IPi position.
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